Neutral lipid droplets (LDs) are dynamic lipid storage organelles found in all eukaryotic cells from yeast to mammals and higher plants. LDs are important to many physiological processes that include basic cellular maintenance, metabolism, and diverse medical pathologies. LD accumulation has been studied extensively by a range of methods, but particularly by microscopy with several fluorescent dyes extensively used for qualitative and quantitative imaging. Here, we compared established LD stains Nile Red and BODIPY 493/503 to the 4′,6-diamidino-2-phenylindole (DAPI)-range dye 1,6-diphenyl-1,3,5-hexatriene (DPH; excitation/emission λ max = 350 nm/420 nm) using high-content image analysis. HeLa cells treated with oleic acid or vehicle were used to compare staining patterns between DPH and Nile Red as well as DPH and the LD protein adipophilin. DPH, Nile Red, and BODIPY 493/503 were compared as assay reagents in oleic acid dose-response experiments. Treatment of MCF-7 cells with sodium butyrate was used as a second cellular system for high-content analysis of LD formation. In this experimental context, we demonstrate the compatibility of DPH with GFP, a technical limitation of Nile Red and BODIPY 493/503 dyes. These data show that DPH has comparable sensitivity and specificity to that of Nile Red. Z′-factor analysis of dose-response experiments indicated that DPH and BODIPY 493/503 are well suited for quantitative analysis of LDs for high-throughput screening (HTS) applications.
Lipid droplets (LDs) are ubiquitous intracellular structures whose formation, growth, and maintenance are highly regulated (1, 2) . Lipid metabolism and droplet dynamics are of considerable interest to agriculture, biofuel production, viral pathology, nutrition, and cancer biology (3, 4) . Physiological dysregulation of fatty acid homeostasis can result in diverse clinical pathologies including type 2 diabetes (5, 6) . Further, LDs are intimately involved with the intracellular synthesis of sterols and serve as the reservoir of essential raw materials for biological membrane structures (7) . Microscopy has been an indispensable tool for describing LD biology with various stains applied in histology (8) , fluorescent imaging (9, 10) , genetic screens (11) (12) (13) (14) , and high-content imaging (13) (14) (15) (16) (17) (18) .
Nile Red is perhaps the most common f luorescent LD stain and exhibits robust f luorescence in the nonpolar environment of lipids (9, 19) . This dye exhibits variable excitation and emission properties depending on solution polarity (20) , and this f luorescence spectral shift has proven useful distinguishing different intracellular hydrophobic structures (21, 22) . Nile Red-stained LDs excited in the fluorescein isothiocyanate (FITC) channel have a yellowgold fluorescence emission (λ max = 530 nm) that can be readily observed with a wide-pass green (FITC) emission fi lter (9, 19, 20) , whi le membrane bilayers are more efficiently detected in the orange (tetramethyl rhodamine-5 -i s o t h i o c y a n a t e /t e t r a m e t h y lrhodamine-6-isothiocyanate; TRITC) or red (Texas Red) f luorescence channels (9, 21, 22) . The large spectral occupancy of Nile Red complicates its use with other f luorophores in the FITC, TRITC, and Texas Red ranges (9) . BODIPY 493/503 is a FITC-range dye with greater LD specificity and a smaller f luorescent spectral footprint than Nile Red (9, 23) . BODIPY 493/503, however, has some aberrant fluorescent properties that must be considered prior to multicolor fluorescent analysis (24) . Recovering the green channel is of considerable interest, because GFP is the most widely used fluorescent protein for transcriptional and translational fusions, while FITC-range dyes are among the most sensitive and robust f luorescent probes. The near-red BODIPY-family dye LD540 recovers the FITC channel and shows excellent specificity for labeling LDs (25) but is not commercially available. The red and deep red LipidTOX dyes (Invitrogen, Carlsbad, CA, USA) are FITC-compatible and available at considerable expense. The 4′,6-diamidino-2-phenylindole (DAPI)-range f luorophore 1,6-diphenyl-1,3,5-hexatriene (DPH) is only f luorescent in hydrophobic environments and was originally applied in the characterization of biological membranes (26) . This dye was subsequently identified as an LD stain for use with fluorescent microscopy (27) , but has been underutilized perhaps because it shares excitation and emission properties with the widely used DAPI and Hoechst DNA stains.
Here we report the efficacy and specificity of DPH for analysis of LDs by high-content imaging using previously described reagents and treatments. We compared DPH staining with that of Nile Red and the LD-specific protein adipophilin (28) . We compared DPH, Nile Red, and BODIPY 493/503 as highcontent screening reagents in oleic acid (OA) dose-response treatments of HeLa cells. Additionally, we quantified LD formation in GFP-expressing MCF-7 cells in sodium butyrate dose-response treatments. Assay resolution and highthroughput screening (HTS) suitability were estimated using Z′-factor calculations (29) . Together, the data presented here validate DPH to be a sensitive and effective reagent for high-content analysis of LDs with similar performance to Nile Red and BODIPY 493/503. In addition to being sensitive, specific, effective, and economical, DPH is also compatible with FITC-range fluorophores allowing novel high-content imaging strategies.
Materials and methods

Instrumentation
Liquid handling was performed with a SciClone ALH3000 (Caliper Life Sciences, Hopkinton, MA, USA), washing with an ELx405 plate washer (BioTek Instruments, Winooski, VT, USA), and bulk dispensing with a Wellmate (Thermo Fisher Scientific, Waltham, MA, USA).
High-content imaging was performed with a Cellomics Arrayscan Vti (Thermo Fisher Scientific) equipped with an X-cite120 light source (ExFo, Mississauga, Ontario, Canada) and two different four-color DAPI/FITC/ TRITC/Cy5 f luorescence filter sets (Omega Optical, Brattleboro, VT, USA). Dose-response and DPH costaining experiments were imaged with a Pinkel set (multiple excitation filters, single multi-bandpass emission filter). Immunofluorescence and some Nile Red experiments were imaged with a Sedat set (multiple excitation filters, multiple single-bandpass emission filters) with excitation and emission filters for DAPI (ex/em: 365WB50/450DF65), FITC (ex/em: 485DF20/525WB20), TRITC (ex/em: 555DF10/585WB20), and Cy5 (ex/em: 640AF20/695AF55) imaging channels.
Cell culture and treatments
Unless otherwise noted, all reagents were obtained from Sigma-Aldrich (Castle Hill, NSW, Australia). HeLa cells were seeded at 750 cells/well in 25 µL into black, clear-bottom 384-well tissue culture plates (part no. 3712; Corning, Lowell, MA, USA). OA was prepared as a complex with BSA (OA:BSA) at a molar ratio of 6:1 (9) . A 100 mM OA stock was prepared in 0.1 M NaOH at 70°C. Cold alcohol isolated BSA (Biotechnology grade; AMRESCO, Solon, OH, USA) did not require delipidation; 3 g were dissolved with stirring in ~20 mL water with 3 mL of 10× PBS. This solution was then split into equal volumes for OA:BSA and BSA-only solutions. OA:BSA was prepared by dropwise addition of the OA stock solution (1.35 mL) to stirring BSA solution at 50°C. After 20 min of stirring at temperature, solution was allowed to cool to room temperature, pH adjusted to ~7.4 with 2 M NaOH (usually <200 µL), volume to 15 mL with water, and filter-sterilized. The BSA-only solution was prepared identically to the OA:BSA solution except the 0.1 M NaOH contained no OA. BSA-only or OA:BSA treatments were prepared as a 2-fold dilution series in complete media. A day after seeding, 8 µL of the dilution series were mixed into each well giving final well volumes of 33 µL and OA concentrations from ~1 to ~1000 µM. Cells were treated overnight, washed with PBS, fixed with 3.7% formaldehyde in PBS for 20 min at room temperature, washed again with PBS, and then stored at 4°C for up to 7 days. MCF-7 cells were seeded at 2000 cells/well in 100 µL into black, clearbottomed 96-well plates (Viewplate; Perkin Elmer, Waltham, MA, USA). A day after seeding, 16 mM sodium butyrate was prepared in complete medium, filter-sterilized, and dilutions added to wells as a 2× concentrate in 100 µL. Cells were treated for 72 h, then washed and fixed as above.
Stain preparation and application
Nile Red (Sigma-Aldrich) stock solution was 1 mg/mL in acetone; a 100 µg/mL intermediate acetone dilution was used to prepare 100 ng/mL Nile Red in PBS with 5 µg/mL Hoechst 33342. BODIPY 493/503 (1 mg/mL; Invitrogen) was provided by Rob Parton (University of Queensland, St. Lucia, Australia) and applied at 1 µg/mL in PBS with 5 µg/mL Hoechst 33342. DPH (Sigma-Aldrich) was dissolved in DMSO at 2 mM, mixing by inversion for ~1 h at room temperature in the dark. This stock was added dropwise to vigorously mixing PBS to 2-4 µM at room temperature in the dark, allowing the aqueous DPH dispersion to mix (27, 30) before addition of Draq5 (31) (Biostatus Ltd., Shepshed, Leicestershire, UK) to 2 µM and application to samples. Preliminary data ref lected effective DPH staining when a 200 µM DMSO stock was diluted into a blocking-permeabilization solution (see below) with minimal mixing. Solutions for DPH/ Nile Red costaining experiments were prepared as DPH solutions above with Draq5 as the nucleic acid stain instead of Hoechst. Controls for f luorescent channel bleed through were stained with only Nile Red or DPH in both BSA-only and OA:BSA treatment groups. Prior to staining, plates were allowed to warm to room temperature, and wells were emptied of PBS into a sink immediately before applying 40 µL/well of the staining solutions with either a liquid handling robot or a bulk dispenser. All plates were sealed with black sealing film (Perkin Elmer) and incubated at room temperature overnight before imaging. BODIPY-stained samples had to be washed with PBS prior to imaging.
Immunof luorescence BSA-only or OA:BSA-treated HeLa cells were immunostained for adipophilin as previously described (9) in a blocking-permeabilization solution: 3% BSA (w/v) and 0.1% (w/v) saponin in PBS. Mouse anti-adipophilin (clone AP125; Progen, Heidelberg, Germany; provided by Rob Parton) was diluted 1:3 (v/v) in the blocking-permeabilization buffer; rabbit polyclonal anti-α-tubulin (AbCam, Cambridge, MA, USA), antirabbit AlexaFluor 488 (Invitrogen), and anti-mouse AlexaFluor 555 (Invitrogen) were used at 1:500. Control-stained cells of both BSA-only and OA:BSA treatments received no primary antibody but were stained with secondary antibodies, Draq5 and DPH. Identically treated cells were also stained with BODIPY 493/503 and Hoechst 33342 as above, except using anti-mouse AlexaFluor 647 and anti-rabbit AlexaFluor 555 secondary antibodies.
High-content imaging and analysis
Image acquisition and analysis were controlled with the Cellomics Arrayscan Compartmental Analysis (v.3) application software, maintaining equivalent acquisition and processing parameters within each experiment. All exposure times were adjusted empirically to <80% of pixel saturation in positive control reference wells not included in the experimental data set. Nuclei were imaged in the Cy5 channel for Draq5-stained samples or the DAPI channel for Hoechst-stained samples, Nile Red staining was imaged in FITC and TRITC channels, DPH was imaged in the DAPI channel, while BODIPY was imaged in the FITC channel. Nuclei were identified using a fixed pixel-intensity threshold, adjusting segmentation parameters and exposure times manually in reference wells included in each experiment. DPH, Nile Red, or BODIPY stain total pixel intensities were collected within the region of interest (ROI) extending ~7 µm beyond the nuclear perimeter (see Figure 1, insets) . For all channels, local background correction was applied, by the surface fitting method, using a radius of 40-50 µm beyond the nuclear perimeter or extranuclear ROI. Mean total pixel intensity in the ROI was measured from at least 200 cells/well for HeLa cells and 16 fields for MCF-7 cells with 4 replicate wells/treatment. The staining methods described here were evaluated for HTS assay suitability with the Z′-factor calculation (29) . This metric compares the experimental treatment, either OA or butyrate (+), to the corresponding vehicle control (-). The mean ROI total pixel intensity from replicate wells was used to calculate sample mean (µ) and standard deviation (σ) and Z′-factor calculated as described previously (29) 
). This metric quantifies the separation band between the experimental and vehicle control treatments, while remaining sensitive to intratreatment variation. Data that yielded 0.1 < Z′ < 0.5 reflects "good" assay suitability for HTS, while 0.5 < Z′ < 1 reflects "excellent" assay suitability.
Results and discussion
To test DPH as a dye for labeling neutral LDs, we compared DPH with the established and structurally unrelated LD-stain Nile Red in HeLa cells treated with OA. Cells were treated overnight with BSA-only (Figure 1 To test the specificity of DPH for LDs, cells were immunolabeled for adipophilin and then stained with either DPH or BODIPY 493/503. Adipophilin stably accumulates on the surface of LDs, but is otherwise rapidly degraded and is a reliable LD marker (10, 28) . HeLa cells used for this immunofluorescence analysis were treated overnight with the BSA-only vehicle equivalent to the lowest (1 µM OA) OA:BSA treatment. In these cells, DPH membrane fluorescence is visible with bright puncta present in many of the cells (Figure 2, B and F) . These puncta exhibit specific adipophilin immunoreactivity ( Figure 2C ) that is absent in control cells prepared identically except without the adipophilin primary antibody ( Figure 2G ). An alternative imaging strategy of identically treated cells used Hoechst, BODIPY 493/503, and AlexaFluor 647 secondary antibody (Figure 2, I-L) . This approach presented cleaner adipophilin labeling but BODIPY failed to specifically label the discrete LD puncta as imaged here. In cells loaded with ~500 μM OA, both DPH and BODIPY showed similar staining patterns to adipophilin immunofluorescence (data not shown).
To evaluate DPH as an assay reagent for high-content analysis and HTS, we conducted OA dose-response treatments on HeLa cells. Parallel 2-fold dilutions of OA:BSA or BSA-only vehicle control were applied to give final OA concentrations of ~1 to ~1000 µM. Fixed cells were stained with DPH ( Figure 3A) , BODIPY 493/503 (Figure 3B ), or Nile Red ( Figure  3C ). Treatments were analyzed by highcontent imaging, quantifying total pixel intensity within an ROI extending ~7 µm beyond the nuclear perimeter ( Figure  1, inset of single channel images) . This type of data analysis is not platformspecific and can be performed with most high-content analysis software. The Cellomics Arrayscan spot detector did provide superior assay performance, but those data were not presented here, as the spot detector is specialized software. Nile Red-stained cells were imaged in both FITC and TRITC channels using single-bandpass emission filters (Sedat optics). Nile Red fluoresced brighter in the TRITC channel than in FITC, and both channels detected LD formation with increasing OA concentration. With equivalent pixel saturation levels at highest OA concentrations, the FITC channel exhibited superior assay dynamic range between BSA-only and OA:BSA treatments (data not shown). This observation is consistent with the previous reports that Nile Red has an emission λ max of ~530 nm in nonpolar mediums (20) and that Nile Red stained LDs exhibit yellow-gold f luorescence (19) best detected in the FITC channel (9) . The dose-response series imaged with DPH ( Figure 3A) closely resembled that of Nile Red (Figure 3C ), while the series imaged with the more LD-specific BODIPY 493/503 ( Figure 3B ) appears to be an almost ideal dose-response curve.
In a different cell context, LD formation was induced by treating MCF-7 cells with sodium butyrate (32, 33) . Cells were treated with a doseresponse series, fixed, then stained with Draq5 ( Figure 4A ) and DPH ( Figure 4B ). These cells were stably transformed with GFP, although GFP-dim and GFP-null cells arise at some frequency ( Figure 4C ). Throughout these experiments, DPH did not interfere with the detection of the GFP-null and GFP-dim cells ( Figure  4C and data not shown). As previously described (32) (33) (34) , butyrate treatment is cytotoxic with an LD50 of ~1 mM ( Figure 4E ). In the surviving cells, total DPH fluorescence in the ROI increased substantially. Since the LD phenotype was not penetrant in the entire surviving cell population, an arbitrary DPH bright threshold was established such that ~2% of untreated cells were positive. Accord- , and GFP (C) were respectively imaged with Cy5, DAPI, and GFP excitation filters and pseudocolored red, blue, and green in the composite image (D). Mean cell counts from equivalent acquisition fields in four wells following 72 h treatment with 0, 1, 2, or 4 mM sodium butyrate (E). As above, total DPH fluorescence was collected on a per cell basis within a 7-µm radius of the nuclear perimeter. A DPH bright threshold was selected to quantify the fraction of the MCF-7 cell population with a strong LD staining following experimental sodium butyrate treatment (F). Each data point is the mean value from four replicate wells in which an equivalent number of fields were imaged with a 10× objective; error bars equal 95% CI. NaBu, sodium butyrate. The LipidTOX reagent tested here exhibited similar sensitivity and assay resolution to both Nile Red and DPH (data not shown). Like DPH, this reagent was FITC-compatible and did not interfere with identification of GFP-dim and GFP-null cells (data not shown). LipidTOX deep red did not, however, exhibit particularly good stability with performance of the dye decomposing prior to conducting the HeLa experiments described above. By contrast, DPH stock solutions are extremely stable; an ~4 mM solution (in DMSO) maintained for about 4 months at room temperature, wrapped in foil, yielded signal intensities comparable to a freshly prepared stock solution (data not shown). We did observe that DPH was susceptible to photobleaching (data not shown) and for this reason is not likely a suitable reagent for confocal microscopy. To minimize the effects of photobleaching in our quantitative analysis, extra wells excluded from the experimental data set were used to establish microscope image acquisition and analysis parameters. DPH is particularly well-suited to high-content imaging, as the automated focus and image acquisition minimizes sample exposure to the imaging light source. Our high-content imaging platform uses an image-based autofocus mechanism, and we used the far-red (e.g., low photobleaching potential) Cy5 channel to focus.
Assay quality for the HTS context was determined by Z′-factor analysis (29) , which is a useful calculation that incorporates both assay dynamic range (separation band between positive and negative controls) and assay homogeneity within the respective control groups. In HeLa experiments, we compared the replicates of the OA:BSA to the corresponding BSA-only vehicle control at each OA concentration. This analysis indicated that both DPH and BODIPY 493/503 reagents typically yielded Z′-factors above 0.5 (an excellent HTS assay) at OA concentrations of 63 or 125 µM and higher. At these concentrations, Nile Red was also an effective stain but exhibited lower assay resolution, with Z′-factors between 0.1 and 0.5 (a good HTS assay) even at higher OA concentrations. Nile Red assay resolution did not improve appreciably by using either 20 or 4 ng/mL of the dye (data not shown). Z′-factor analysis of MCF-7 experiments comparing sodium butyrate to mocktreated cells indicated high-content screening assays for cell number, mean total DPH pixel intensity, and phenotypic penetrance (% DPH bright) to provide suitable assay resolution for HTS above 0.5 mM sodium butyrate and excellent assay resolution above 1 mM (data not shown).
The cell systems used here provided a useful platform for high-content analysis of LDs, comparing the underutilized dye DPH with other, more common LD stains. The most common of these, Nile Red and BODIPY 493/503, both exhibit substantial FITC fluorescence when LDs are abundant. (Figure 2 ) demonstrated both the LD specificity of DPH and its compatibility with chemical FITC-range fluorophores. Further, the MCF-7 experiments demonstrated DPH compatibility with GFP ( Figure 4) . The immunof luorescence data also suggests that DPH could be more sensitive than BODPIY 493/503 in detection of very small LDs (Figure 2 , B, F, and J). Our data showed that DPH can be used as a total membrane dye, although this may only be practical in the absence of large LDs. The sensitivity, uniformity, unique spectral properties, and extremely low cost of DPH make it a particularly useful reagent for diverse high-throughput imaging and screening applications in lipid biology. • Whisper quiet & low vibration
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